With respect to mitochondrial function and its control in intact skeletal muscle under normoxic conditions, there has been general agreement on dominant control over redox state by some function of cellular adenine nucleotide levels (4). The observation of net oxidation of mitochondrial NADH during twitch stimulation under these conditions was in agreement with this assumption (22, 30) . Any contribution to control by proton leak (14, 15, 40) has not been addressed in this description.
The nature of the driving function of adenine nucleotides has been the subject of some debate (4). In his analysis of the phosphate energy system in creatine-containing cells, Connett (7) showed that no unique driving function of adenine nucleotides can be identified from experiments in which only the total energy charge is varied independently.
Results of a study in which pH was additionally varied were in agreement with phosphate potential [ AGp = AGF + RTln(
[ATP]/[ADP][PJ)
, where AGF is the standard Gibbs energy change of the reaction, R is the universal gas constant, and T is absolute temperature]
but not [ADP] as an independent regulator of respiration (8). Linear mitochondrial driving functions involving thermodynamic control of respiration by AGp have been put forward and tested on intact skeletal muscle preparations (7, 8, 29) . In these models, a linear dependence of the rate of oxidative phosphorylation on AGp was assumed over the full range of physiological metabolic states. This assumption is, however, inconsistent with reported findings of identical basal oxygen consumption rates of animal muscles with widely different AGp values (9, 26, 27 (28, 33, 40) . In agreement with this description, linear, exponential, and sigmoidal relationships between rate and AG, depending on the range of respiration rates studied, have been found in studies of isolated mitochondria for various chemiosmotic processes (18, 20, 25, 28, 39, 40) .
In a previous study we showed that the expected relationship between AGp and a measure of the rate of oxidative phosphorylation in skeletal muscle under steady-state conditions at constant pH 7.0, muscle power output, is sigmoidal (41) . In this paper, we investigate the experimental relationship between AGp and muscle power output in intact human forearm muscle using 31P-nuclear magnetic resonance (NMR) spectroscopy ("IP-MRS).
We found that the experimental data can be explained by a sigmoidal relationship between AGp and the steady-state rate of oxidative phosphorylation. We discuss the physiological relevance of the difference between the quasi-linear (sigmoidal) and the strictly linear descriptions.
METHODS

Design of the Study
Pi and phosphocreatine (PCr) levels and pH in human finger flexor muscle (flexor digitorum profundus muscle; FDP) of the right forearm were measured by 31P-MRS at four steady states (resting stat e and during exercise at 3 normalized power output levels). The variation of adenine nucleotide concentrations with power output was analyzed for the pooled data. To this end, mathematical equations predicting the theoretical variation of cellular adenine nucleotide concentrations with power output were formed based on thermodynamic and kinetic mitochondrial driving functions and were fitted to the experimental data. In two subjects, an additional series of measurements at eight and nine power output levels was performed for the analysis of the covariation in individual muscles, thereby eliminating any interference by biological intersubject variability that might have affected the analysis of the pooled data.
Subjects
Twenty untrained healthy subjects (15 male, 5 female), 12-42 yr old (mean age 22 yr), participated in the study. All subjects were right handed.
31P-MRS
31P-NMR spectra of the FDP were obtained at 1.5 T on a Philips S15 HP whole body NMR spectrometer, as described in detail elsewhere (21). Briefly, subjects were positioned prone and head first on the patient bed with their right forearm extended forward, supported by cushions. Guided by palpation of the ulnar bone directly adjacent to the muscle, the forearm was placed into a support such that the FDP overlied a two-turn 25-mm-diameter surface coil tuned to the 31P frequency (25.86 MHz) and was attached with Velcro strips. Let Jb be the basal rate of ATP consumption in skeletal muscle in the resting state. In a study of the energetic cost of tension production by insect flight muscle, additional ATP consumption by myosin adenosinetriphosphatase (ATPase) during isotonic contractions varied linearly with varying mechanical power output (P, work per unit time) (32). Similarly, a linear relationship between ATP turnover rate and the force. rate product has been reported for isometric contractions (19, 32) . Hence, the rate of cellular ATP consumption, &, in isotonically contracting muscle can be described as where a is the proportionality constant relating the myosin ATP consumption rate qYosin and mechanical power output P. To simplify the algebra, we arbitrarily set the value of a at 1 in our modeling.
Cellular ATP production. Total cellular ATP production is the sum of mitochondrial ATP production (ex) and glycolytic ATP production (@'">. In view of the small (5%) contribution of the latter to total ATP synthesis in the presence of oxidative phosphorylation, we shall focus on the former. Because only the total of high-energy phosphate bonds was independently varied in the experiments, both thermodynamic and kinetic mitochondrial driving functions are considered in the modeling (7). (40) proposes a set of linear equations that, to a close approximation, should relate the rate of each chemiosmotic process (J;> to the change in free energy of that process (AGi) for each of the three processes involved (substrate oxidation coupled to proton pumping, ADP phosphorylation coupled to proton backflow, and passive proton leaking, respectively).
Importantly, the MNET description uses "elemental" coefficients related to the mechanisms and kinetics of these processes rather than phenomenological coefficients. We therefore felt it imnortant to introduce this alternative, mechanistic linear description of the rate dependence of oxidative phosphorylation on its thermodynamic driving forces. Under steady-state conditions in which no further net proton flow occurs (JHtotal = 0), a linear equation relating Gx to the two driving forces (the redbx and phosphate potential, AGo and AGp, respectively) is obtained (adapted from Eq. 3.68 in Ref. 40) .
where Li is the proportionality constant relating the flux J; through an autonomous process i to the force AGi across the process, $ is the asymmetry coefficient of dependence of u, on AG,, ng is the H+:O stoichiometry of the redox proton pump, n; is the H+:ATP stoichiometry of the H+-ATPase (n;" includes the protons involved in adenine nucleotide and phosphate translocation), AGF is AGi measured outside the mitochondrion, and AG# is a constant marking the onset of the linear domain of the flow-force relationship (40). The asterisk in LT denotes and KF is the inhibition constant for ADP (34). The rates of the reverse reaction (mitochondrial ATP hydrolysis) and of any net forward reaction in the absence of ADP or phosphate (due to uncoupling) are neglected in this description.
Also, product inhibition by ATP is assumed to be absent. In fully coupled mitochondria
where Jp is the rate of ATP production and n: is equivalent to the number of moles of ADP phosphorylated per one-half mole of O2 consumed. This so-called P/O is equivalent to the ratio of ng to n: in Eq. 4. 
max mm l It should be noted that in this kinetic description this "P/O" is taken to be constant. In the nonequilibrium description, however, the actual P/O (&/JO> is allowed to vary (40). series of 31P-NMR spectra obtained from the FDP in the resting state and at three normalized, progressively increasing power output levels. In all subjects, intracellular pH remained within the interval of 7.12-6.90 and homogeneous throughout the sampled muscle mass over the studied range of power output levels (as found by analysis of the line widths of the Pi and PCr peaks in each 31P-NMR spectrum, and illustrated in Fig. 1 ). The condition of constant pH 7.0 for applicability of the analysis (7; see above) was thus met within 0.1 pH units. The average [ADP] in fibers was calculated according to approach 2 described in METHODS. Figure 2 shows the variation of the concentration-dependent term of the Gibbs free energy of ATP hydrolysis,
with muscle power output for the pooled data of the 20 subjects. As shown by the dashed line in Fig. 2 , the covariation was adequately described by the sigmoidal function given by Eq. 9 relating steady-state power output to cellular adenine nucleotide concentra- Fig. 1 . Typical series of 31P-nuclear magnetic resonance spectra of superficial mass of flexor digitorum profundus (FDP) obtained from a subject at rest and during combined flexion of fourth and fifth digits at 3 increasing power output levels in a ramp protocol. Note absence of any broadening of Pi resonance relative to phosphocreatine (PCr), indicating homogeneity of intracellular pH among fibers within sampled muscle mass at each power output level. Intracellular pH at 68% maximum voluntary contraction (MVC) power output was 6.95. tions (GFI = 0.42). The estimates for P,,, Pminy n, and C were 71 t 18% MVC, 18 t 18% MVC, 0.76 t 0.38, and 12.5 t 0.1 M-l, respectively (84 DF). These results show that under steady-state conditions, the variation of power output with phosphorylation potential follows the theoretical expectation reported previously (41). Furthermore, Fig. 2 [ADP] was found over the studied range of steadystate power output levels (r2 = 0.75; Fig. 3, inset) . The estimates of the slope and intercept of the linear function describing the covariation were 0.19 t 0.01 and 1.8 t 0.5 mM, respectively.
Consequently, the rate dependence of oxidative phosphorylation on both [ADP] and [Pi] (EQs. 4 and 5) effectively reduced to a single variable dependence, thereby rendering any adenine nucleotide mitochondrial driving function not unique (7). This was also illustrated by the finding that the variation of adeni ne nucl .eotide concentrations l with power output could also be adequ .ately described by the shifted single substrate Michaelis-Menten rate equation (Eq. 11) relating [ADP] and power output ( Fig. 3 ; GFI = 0.72). The estimates for C1, KkDp, and C2 (85 DF) were 120 t 8% MVC, 37 -+ 11 PM, and 25 t 5% MVC, respectively. The estimate for KiDp was in agreement with the range of reported values (6-50 PM) for isolated mitochondria (6, 20,34) and perfused skeletal muscle (26).
Variation of adenine nucleotide concentrations with power output: individual muscles. Figures 4-6 show the results of stu .dies conducted on two subjects in which the steady-state phosphate metabolite levels and pH were measured at six and seven power output levels, respectively, in a ramp protocol (corresponding data points in Figs by open circles). In both subjects, intracellular pH remained within the interval of 7.12-7.00 and homogeneous throughout the sampled muscle mass over the range of power output levels studied; only in the spectrum obtained from subject A at 64% MVC power output was some (30%) line broadening of the Pi peak relative to the line width of the PCr peak observed. The findings were similar for both subjects, as well as similar to the findings for the pooled data. Figure 4 shows the variation of ln([ATP]/[ADP][PJ) with muscle power output for subject A. Hysteresis was absent. The sigmoidal function given by Eq. 9 adequately described the covariation (dashed line; GFI = 0.48). The estimates for P,,, pmin, n, and C were 66 t 14% MVC, 18 t 30% MVC, 1.0 t 0.7, and 12.4 t 0.4 M-l, respectively (6 DF). The linear function given by Eq. 10 likewise adequately described the covariation (solid line) (r2 = 0.93; GFI = 0.52). The estimates for the slope and the intercept were -16.2 t 1.6% MVC l M and 204 t 17% MVC, respectively (8 DF). Similar to the finding in the analysis of the pooled data, a highly significant linear correlation between [Pi] and [ADP] was found over the studied range of steady-state power output levels (r2 = 0.98; Fig. 5, inset) . The variation of [ADP] with power output for subject A is shown in Fig.  5 . The shifted single substrate Michaelis-Menten rate equation (Eq. 11) adequately described the covariation (GFI = 0.43), similar to the finding for the pooled data. The estimates for C1, KkDp, and C2 were 134 t 16% MVC, 22 t 16 PM, and 42 t 25% MVC, respectively (7 DF). intercept were -12.5 t 1.0% MVCM and 149 t 10% MVC, respectively (7 DF). A linear covariation of [Pi] and [ADP] over the studied range of power output levels was found for subject B (r2 = 0.93) (data not shown). The shifted single substrate Michaelis-Menten rate equation (Eq. 11) adequately described the covariation of [ADP] and power output (GFI = 0.41) (data not shown). The fitted estimates for C1, KiDp, and C2 were 124 t 17% MVC, 52 t 27 PM, and 20 t 8% MVC, respectively (6 DF).
The results of the fits of the various steady-state relations (Eqs. 9-11) to the pooled data of 20 subjects and 2 individual data sets are summarized in Table 2 . + 149.
DISCUSSION
The reported findings of identical basal respiration rates of fast-and slow-twitch muscles with widely different basal AGp values in the cat and mouse, respectively (9, 27, 28), suggest that the strictly linear description of the rate dependency of respiration on AGp (7,29) may not be quite appropriate in intact skeletal muscle. These findings are consistent with an alternative description predicting a sigmoidal relationship between the rate of oxidative phosphorylation and AGp (28, 33, 40) . We tested this alternative description using experimental data obtained from intact human forearm muscle using 31P-MRS. We first discuss the methodological basis of our conclusions.
Methodology
Validation of negligible anaerobic ATP production. During exercise, the initial alkalization associated with consumption of hydrogen ions by net PCr hydrolysis was observed to reverse at the second work load, with pH maximally decreasing to a value of 6.90 at the highest power output level. This indicated a small glycolytic flux coupled to lactic acid formation superimposed on glycolysis coupled to oxidative phosphorylation, since glycolytic ATP production not coupled to substrate (NADH and pyruvate) formation for oxidative phosphorylation is accompanied by net production of H+, in contrast to oxidative ATP production (17). Some additional glycolytic ATP production could have occurred that remained undetected due to pH buffering by the cell or export from lactate from the cell. However, by virtue of the low yield of ATP per lactate compared with the yield of ATP per C02, the contribution of ATP formed anaerobically to total cellular ATP production in the presence of oxidative phosphorylation would remain negligible.
Calculation of (ADPI. In previous studies of human forearm muscle (e.g., Refs. 1, 2), [ADP] was calculated from the creatine kinase equilibrium using the average values for [TCr] ( Table 1) . Because proton leak and adenine nucleotide concentrations dominantly control basal cell respiration (14, E), this would suggest considerable intersubject variation in basal metabolic rate or mitochondrial function (uncoupling or slip of the proton pumps). With the assumption of similar mitochondrial function among all subjects studied, such magnitude of intersubject variation in basal metabolic rate would be inconsistent with reports of well-defined basal oxygen consumption rates in skeletal muscle (9, 19, 26 [Pi] and AGr during exercise; the absolute values of the parameters obtained from their fits to the experimental data should, however, be interpreted with some caution. Second, based on a previously reported 31P-MRS study of human forearm muscle additionally employing electromyography in which it was found that recruitment of fast glycolytic fibers coincided with an abrupt decline in pH at pH -6.90 (38), we considered it most likely that only motor units composed of oxidative fibers were recruited over the range of power output levels studied. As a result, the value of a in Eq. 2 would be similar for each subject in the population.
Furthermore, the value of one used in the modeling was of the correct order of magnitude, since there was agreement of the fitted value for Pmax/cx with the experimental value of P,,. In studies conducted on isolated mitochondria, full sigmoidal relationships between respiration rate and AGp were indeed found, with measurements including the extreme respiration rates (states 4 and 3) (20, 28, 39, 40) .
Because the issue under investigation addresses a mitochondrial property, the same relationship should apply to intact cells. Indeed, we previously reported that the simulated relationship between AGr and power output in skeletal muscle cells at constant pH 7.0 (i.e., in the absence of a cytosolic anaerobic glycolytic system) is sigmoidal (4 1). With respect to the physiological relevance of each description, we would suggest that the agreement of the description predicting a sigmoidal relationship between AGp and power output with experimental data is superior to that of the strictly linear description based on three arguments.
The first argument concerns the actuality that, as applies to all enzyme-catalyzed reactions, there is an upper and lower limit to the flux of oxidative phosphorylation (states 3 and 4, respectively, in classical isolated mitochondria terms). With respect to the former, there should thus be an upper limit to the maximal oxidatively sustained steady-state power output enax* This is predicted by the sigmoidal but not the strictly linear description.2 Indeed, the sigmoidal description represents a hybrid of enzyme kinetics and thermodynamics in addition to an extension of the stricly linear description (28, 33, 40) . As to the agreement with the experimental data, the estimate of this important func-2 The slope and intercept of the linear function describing the covariation of AGp and power output do bear a relation to the capacity for oxidation and phosphorylation (see Eq. 4). However, no direct estimate of this capacity can be inferred from the values of these function parameters.
tion parameter from the fit of Eq. 9 to the pooled data (71% MVC) was in close agreement with the empirical value for the group of subjects studied (see METHODS). The highest measured power output sustained at constant pH 7.0 (t 0.1) in the population was 68% MVC. In comparison, the intercept of the linear fit to the pooled data was 185% MVC and was evidently of no relevance to P,,. The same applied to the individual muscle data. For subject A, the empirical P,, was -64% MVC, indicated by the observation of significant line broadening of Pi in the spectrum obtained at this power output level, whereas this was absent in all spectra obtained at lower power output levels. The fitted estimate of P,, for this subject (66% MVC) was in close agreement with this value, while the intercept of the linear fit to the data was 204% MVC. For subject B, the fit of the sigmoidal relation to the data did not provide an estimate of P,,. We attributed this to the fact that the highest power output studied in this subject (52% MVC) did not approach the subject's P,,; significant line broadening of Pi in the 31P-NMR spectrum obtained at this power output level was still absent.
With respect to the lower limit to mitochondrial respiration, this actuality is reflected in the sigmoidal description in the parameter Pmin in Eq. 9. Similar to the consideration of an upper limit, the strictly linear description does not predict a lower limit to respiration. With our experimental data, no accurate estimate for Pmin was obtained, neither for the pooled data nor for the individual muscles ( Table 2) in the resting state in all cases (e.g., 12.5 vs. 12.5, respectively, for the pooled data). However, previously reported studies of intact rat (10) and feline (26) muscles do show that the relationship between steady-state submaximal oxygen consumption rate and AGp is exponential (corresponding to the lower domain of the sigmoidal function) rather than linear, with the resting state explicitly in the lower nonlinear domain of the curve.
The second argument for superior physiological relevance of the sigmoidal description concerns the implication of a strictly linear relation between the rate of oxidative phosphorylation and AGr. The latter predicts a constant sensitivity of respiration to phosphate potential changes over the full range of physiological steady states. In contrast, a sigmoidal relationship between the rate of oxidative phosphorylation and AGr implies varying sensitivity to phosphate potential changes, reflected in the rate-dependent value of the slope (d&/dAGp).
According to the metabolic control theory (12) as well as results of metabolic control analysis of oxidative phosphorylation (14, 15), the predicted low sensitivity to phosphate potential changes at low respiration rates may be explained as reflecting shared control of the rate of respiration with proton leak, whereas the decreasing sensitivity at high rates reflects increasing sensitivity to redox potential (14, 15) as well as enzyme saturation
